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Actin Filaments Align into Hollow Comets
for Rapid VASP-Mediated Propulsion
in vitro [10] is to decrease the actin branch frequency
perhaps by protecting filament-barbed ends from cap-
ping [9, 11]. Measurements of fluorescent ratios of
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Institut Curie Arp2/3 to actin in comet tails led to the assumption that
VASP has a similar debranching effect in the in vitroCentre National de la Recherche Scientifique
11, rue Pierre et Marie Curie bead system, but the network was not characterized by
electron microscopy [2].75231 Paris Cedex 05
France Here, we recruited VASP and Arp2/3 in variable ratios
to bead surfaces in order to control their relative contri-
butions to the organization of the comet network. For
bead preparation, a fixed amount of the C-terminal por-Summary
tion (VCA) of human Wiskott-Aldrich Syndrome protein
(WASP), which binds and activates the Arp2/3 complex,For cells, the growth of a dense array of branched
was combined with varying amounts of the proline-richactin filaments organized by the actin-related proteins
domain (PRO) of the Listeria protein ActA, which binds2 and 3 (Arp2/3) complex at the plasma membrane
VASP (Figure S1 in the Supplemental Data available withoffers an explanation as to how movement is produced
this article online). These beads were then immersed in[1], and this arrangement is considered to be optimal
cell extracts containing endogenous Arp2/3 complex atfor motility. Here, we challenged this assumption by
15  4 M, 120  50 nM VASP, and approximatelyusing an in vitro system of polystyrene beads in cell
5 M actin as characterized by quantitative Westernextracts that contained a complex mix of actin poly-
blotting.merization proteins as in vivo. We employed the sur-
Experiments were performed with 0.5 or 4.5 m diam-face of the bead as a reactor where we mixed two
eter asymmetric beads shadowed before protein ad-different actin polymerization-activating factors, the
sorption with SiO. In both cases, beads moved propelledArp2/3 complex and the vasodilator-stimulated phos-
by an actin comet. Beads coated with the mixture ofphoprotein (VASP), to examine their contribution to ac-
proteins VCA and PRO are designated by “% moletin-based movement and filament organization. We
PRO,” indicating the proportion of PRO as comparedvaried the coating of the bead surface but left the
to total protein (VCA and PRO) in the bead-coating mix.extracts identical for all assays. We found that the
The coating conditions were such that the amount ofdegree of filament alignment in the actin comet tails
PRO on the bead surface could be increased, while thedepended on the surface ratio of VASP to Arp2/3.
quantity of VCA remained the same with an averageAlignment of actin filaments parallel to the direction
spacing between VCA molecules of 6  1 nm (25 mea-of bead movement in the presence of VASP was ac-
surements), for both 0.5 m and 4.5 m beads (Fig-companied by an abrupt 7-fold increase in velocity
ure S2).that was independent of bead size and by hollowing
We used electron microscopy of platinum replica toout of the comets. The actin filament-bundling pro-
assess the ultrastructure of the actin comet tails associ-teins fimbrin and fascin did not appear to play a role in
ated with different bead surface conditions on 0.5 mthis transformation. Together with the idea that VASP
diameter beads. We observed that the presence of PROenhances filament detachment [2] and with the pres-
increased the alignment of the actin filaments (7.6%ence of pulling forces at the rear of the bead [3–5], a
mole PRO, Figure 1C). Strikingly, alignment disappearedmesoscopic analysis of movement provides a possible
when the beads were coated exclusively with VCA (0%explanation for our results.
mole PRO, Figure 1A), and beads coated with 2.1% mole
PRO (Figure 1B) displayed an intermediate situation. In
Results and Discussion the three cases, quantification of visible filament lengths
and angles confirmed these observations (Figures 1D
We addressed the question of how the organization of and 1E). The length distribution found for the beads
actin filaments in comet tails is affected by the presence most enriched in PRO was shifted upward as compared
of bead velocity enhancers in order to identify what to the lower concentrations, with 70% of the filaments
actin arrangement is associated with optimized move- having observable lengths greater than 50 nm. The
ment. To do this, we used two actin-binding proteins, beads less enriched in PRO had half that amount. Even
the actin-related proteins 2 and 3 (Arp2/3) complex and more compelling, the angles between the filaments and
the vasodilator-stimulated phosphoprotein (VASP) that the direction of motion had a distribution with a maxi-
are known to act on actin filament architecture. The Arp2/3 mum that was shifted toward zero when the amount of
complex is involved in the formation of actin branches PRO was increased at the bead surface, the signature
in vitro and in vivo [6, 7], and increasing VASP is associ- of an aligned structure. For beads coated with 7.6%
ated with enhanced movement of Listeria monocyto- mole PRO, the most probable angle was 5, and rose
genes [8]. Structurally, the effect of VASP in cells [9] and to 27 and 30 when the amount of PRO was decreased
(2.1% and 0% mole PRO, respectively).
The orientation of actin filaments on high-percent*Correspondence: julie.plastino@curie.fr
Rapid Propulsion with Hollow Comets
1767
Figure 1. Increasing Percent Mole PRO Produces an Increase in Length and Alignment of Filaments in Actin Comet Tails
Electron microscopy of platinum replica of beads coated with (A) 0% mole PRO, (B) 2.1% mole PRO, and (C) 7.6% mole PRO. (D) and (E)
show the distributions of observable filament lengths and angles, respectively, for 0%, 2.1%, and 7.6% mole PRO beads. For each condition,
platinum replica electron micrographs of 5–6 beads are analyzed. Filaments are examined with Metamorph software in a 500 nm by 500 nm
area, 250 nm from the surface of the bead. Filaments are traced from a branch point or from the point where they emerge from the network
to the end of the filament or to the point where the filament disappears into the network. Filaments that extend beyond the 500  500 nm
square are not counted. The angles refer to the orientation of the filaments relative to the direction of movement of the bead, and the absolute
values are used, i.e., deviations to one or the other side of the normal to the surface of the bead are both taken as positive. For curved tails,
the filament angle is normalized to the direction of the movement at the place where the analysis is performed. The filament count is represented
as a percent of the total number of filaments counted (0% mole PRO: 327 filaments from 5 comets; 2.1% mole PRO: 616 filaments from 5
comets; 7.6% mole PRO: 374 filaments from 6 comets). Average values for lengths and the most probable angle values are represented on
each graph. (F) Filament alignment is evident throughout the length of the comet for a 10.3% mole PRO comet. Boxed regions in the middle
and end of the comet shown in (F) correspond to the magnified images in (G) and (H), respectively. The scale bars represent 500 nm.
mole PRO beads was even more readily seen in the the tail are shown in Figures 1G and 1H, respectively.
The aligned array of filaments observed for high-percentbody of the comet away from the surface of the bead.
Figure 1F shows a 10.3% mole PRO bead at low magnifi- mole PRO comets is reminiscent of filopodia [11] and
of comet tails associated with Listeria protruding at thecation; higher magnifications of the middle and end of
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hancement (Table S1). Bead velocity enhancement by
VASP has previously been observed [2], although this
is the first time that such a large increase (7-fold) has
been documented.
Strikingly, larger 4.5 m diameter beads displayed
approximately the same speed as small beads ( sym-
bols and filled circles in Figure 2). The fact that small and
large beads move at the same speed indicates that we
cannot describe our results in terms of a tethered ratchet
model, which predicts faster movement with larger
beads [14]. Movement of beads as large as 4.5 m in
diameter has previously been observed only in the mix-
ture of purified proteins, but the movement is saltatory
and corresponds to lower average speeds [15]. In cell
extracts, large beads generally form a spherical actin
gel that rarely undergoes symmetry breaking [16, 17].
The comet structure observed by electron microscopy
of platinum replica reveals the filament organization on
the outer surface of the comet only. We used the 4.5Figure 2. Bead Velocity Increases with Increasing Percent Mole
m diameter bead system to observe the interior ofPRO on the Surface of 0.5 m and 4.5 m Diameter Beads
the comets with confocal fluorescence microscopy. For(A) Beads mixed with cell extract are monitored for 5–20 min, and
high-percent mole PRO beads, we observed that the com-velocities are measured by Metamorph tracking software. For 0.5
m diameter beads, comets are produced by 50% of the VCA- ets were virtually hollow and that the degree of hollow-
coated beads and 80% of 3%–19% mole PRO-coated beads. Sym- ness decreased with decreasing quantities of PRO (Fig-
metrical 0.5 m diameter beads are less efficient in generating ure 3). Although occasionally displaying a very small
comets, and only 10% of beads coated with PRO/VCA mixes form
tunnel in the center of the comet (Figure 3A, panel 1),comets. Symmetric 4.5 m diameter beads rarely form comets. On
2.1% mole PRO beads generally had a homogenousaverage, 50 beads (range 8–128) from 3 independent bead prepara-
comet as seen in Figure 3A (panel 2) and in the linescantions (range 1–9) are evaluated, and velocities are shown plus or
minus one standard deviation. Open circles represent 0.5m diame- analysis. In contrast, 7.6% mole PRO (data not shown)
ter bead velocities,  symbols represent 4.5 m diameter bead and 12.5% mole PRO beads showed a pronounced de-
velocities as measured by time-lapse microscopy, and filled circles crease in actin intensity in the center two-thirds of the
show 4.5 m diameter bead velocities as estimated from tail length
comet as shown in Figure 3B (panels 3 and 4) and inmeasurements (see Experimental Procedures). At maximum effect,
the corresponding linescan analysis.the velocity increase produced by the presence of PRO on 0.5 and
Comet hollowness may explain our observation that4.5 m diameter bead surfaces is about 7-fold. No decrease in bead
velocity is observed at higher-percent mole PRO. Using 5-fold fewer actin was 4 times less dense in the comet on a bead
0.5 m diameter beads per reaction did not change the observed moving at 10 m/min as compared to beads moving at
speeds for 0%–10.3% mole PRO. 1.5 m/min (Figure S4). There was also very little Arp2/3
complex present in the tails of rapidly moving beads
(Figure S4), which agrees with the electron microscopy
plasma membrane [12]. Conversely, the branched struc- observation that there was little branching in these
ture observed for VCA beads is similar to that present comets. The presence of aligned filaments in the comets
in the lamellipodia [7]. Indeed, the most probable angle could indicate a reorganization produced by actin
for filaments associated with VCA-coated beads was filament-bundling proteins, like fascin and fimbrin. Al-
about 30, which is as expected from the presence of though both were present in extracts at 2 M as mea-
a 70-branching angle produced by the Arp2/3 complex, sured by quantitative Western blotting (see Experimen-
which straddles the direction of movement [7, 13]. tal Procedures), fascin was not detectably recruited to
When coated exclusively with VCA, 0.5 m diameter either VCA or VCA/PRO comets. In addition, no preferen-
beads, which have a highly branched actin organization tial fimbrin recruitment to comets generated by VCA/
as shown by electron microscopy (Figure 1A), move at PRO-coated beads was observed. In fact, more fimbrin
an average speed of 1.5  0.3 m/min (open circles in was associated with comets on VCA-coated beads, as
Figure 2). This velocity was increased dramatically to a expected from the increased amount of actin present.
value of about 10 m/min for 3%–19% mole PRO. As a All together, our results raise two main questions:
specific example, the velocity of a 7.6% mole PRO bead, how does the recruitment of VASP to the bead surface
displaying an aligned structure when viewed by electron enhance speed by producing hollow comets, and why
microscopy (Figure 1C), was 10.0 1.0 m/min. For the is this arrangement associated with aligned filaments
intermediate concentration of 2.1% mole PRO, which apparently independent of actin-filament bundlers? A
exhibits a mix of aligned and branched filaments (Figure closer examination of the velocity diagram together with
1B), the average speed was 3.8  2.0 m/min. We veri- the electron and confocal microscopy results allowed
fied that increasing amounts of PRO increased VASP us to develop the following reasoning. The velocity dia-
recruitment to the bead surface (Figure S3), and we also gram in Figure 2 displays a biphasic profile: a low-speed
verified that when PRO was replaced with the C-terminal regime either in the absence of PRO or with small
domain of ActA (ActA-C), which is identical to PRO but amounts of PRO (i.e., VASP) and a high speed regime
appearing at a certain threshold amount of VASP, inde-lacks the VASP binding site, there was no velocity en-
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Figure 3. Rapid Bead Movement Correlates with Hollow Comets as Analyzed by Confocal Fluorescence Microscopy
Representative confocal images of 4.5 m beads coated with (A) 2.1% mole PRO or (B) 12.5% mole PRO and corresponding linescan intensity
analysis of 9 and 12 beads, respectively (graphs). Linescan measurements are performed on confocal sections that pass through the center
of the comet (i.e., at largest width), two-bead diameters from the bead surface. The line is drawn perpendicular to the comet length, and
variation in fluorescence intensity along the line (in arbitrary units) is plotted as a function of distance with the comets all centered at 0 for
clarity. Slight hollowness is observed occasionally for 2.1% mole PRO (A, panel 1), although most comets are homogenous (A, panel 2 and
graph). 12.5% mole PRO consistently displays a broad swath of diminished intensity at the center of the comet (B, panels 3 and 4 and graph).
The comets on beads coated only with VCA are too short (less than a bead diameter) to be analyzed by this technique. The scale bars
represent 2 m.
pendent of bead size. The 2.1% mole PRO point is at weaker than pulling forces, and the rupture would result
in an abrupt acceleration in bead speed because attach-the transition point and is characterized by an elevated
relative error, as both low and high speeds are often ment at the rear of the bead would disappear. The fact
that the filaments then align is reminiscent of a transitionobserved for this point. If VASP were simply affecting
barbed-end polymerization dynamics either directly or to a nematic phase for an isotropic liquid crystal in the
vicinity of a surface [18, 19] because in a hollow comet,by increasing the local concentration of G-actin, we
would expect a linear dependence of speed on percent most of the filaments are confined close to a cylinder
surface. New filaments are still produced at the beadmole PRO. The two regimes are further characterized
by different comet structures: the low-speed one corre- surface before being detached, and this could account
for the nonzero-fluorescence signal inside the comet,sponds to a filled comet composed of branched fila-
ments, whereas the high speed one corresponds to a especially near the surface. In cells overexpressing
VASP at the plasma membrane, the same effect of fila-hollow comet made up of aligned filaments. Given that
VASP weakens the actin filaments’ attachment to the ment detachment from the membrane is observed, and
filaments collapse perpendicular to the direction ofbead surface [2], combined with the presence of pulling
forces at the rear of the bead [3, 4], a mesoscopic analy- movement [9]. This results in a decrease in overall trans-
location rate unlike in our case, where filaments weresis of movement predicts that the actin gel will be pulled
off where the normal stress is highest, resulting in the aligned with the movement and correlated with en-
hanced speed.formation of a hollow comet [5] as sketched in Figure
4. We speculate that this rupture would occur at a con- A recent study, using an all-or-nothing Arp2/3 wash-
out method, shows similar results of filament alignmentcentration of VASP where attachment forces become
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(both Institut Curie, Paris). Glutathione S-transferase (GST) fusions
of the VCA fragment WASP (amino acids 402–503), and the ActA
fragments PRO (amino acids 235–584) and ActA-C (amino acids
394–584) were cloned and purified as previously described [15, 21].
Bead Preparation and Assay
Polystyrene beads of both 0.5 and 4.5 m diameter (Polyscience)
were rendered asymmetric as previously described [22] but with a
90-shadowing angle. The beads were subsequently coated with
mixtures of VCA and PRO or ActA-C in PBS. Beads were incubated
with protein mixes for 1 hr at room temperature with gentle agitation,
then washed and stored in 20 mM sodium phosphate, 150 mM NaCl,
10 mg/ml BSA, 0.1% NaN3, and 5% glycerol (pH 7.4) (Storage Buffer,
Polyscience) on ice and used within 12 hr. Bead (0.5 m) motility
reactions consisted of 0.2 l of beads (0.2%–0.3% suspension by
volume) mixed with 4 l of extract and incubated at 23C between
slide and coverslip. For 4.5 m beads, 0.4 l of 1.6%–1.8% bead
suspension was mixed with 8 l of extract and treated as above.
Beads were observed by phase-contrast microscopy. Because
rapid sedimentation of 4.5 m diameter beads in the extracts pre-
cluded direct velocity measurements on lower-percent mole PRO
beads, we obtained a good estimation of speed by measuring comet
tail length from reactions performed in tubes with agitation, as fol-
lows. Motility reactions were incubated in tubes with gentle turning
for 3 min at 23C and then diluted into 1% glutaraldehyde (Sigma)
in CB (10 mM MES, 150 mM NaCl, 5 mM EGTA, 5 mM MgCl2, and
5 mM glucose [pH 6.1]) to stop the reaction. Measurements were
made on phase-contrast images with Metamorph software. Al-
though depolymerization does occur, the beginning of the comet is
still observable at short time scales. For confocal microscopy, com-
ets were fixed onto coverslips as described below for electron mi-
croscopy and observed on a Leica SP2 confocal microscope.
Figure 4. VASP Weakens the Attachment of the Comet to the Bead Electron Microscopy
Surface, Allowing the Actin Gel to Disconnect at the Rear of the Two microliters of bead/extract mixture was sandwiched between
Bead and Creating a Hollow Comet two 12 mm round coverslips, spaced with parafilm strips. Sand-
In the low-speed phase, actin filaments (orange rods) are branched wiches were incubated for 5 min at room temperature in a moist
obliquely to the direction of movement of a bead coated with VCA chamber and then gently floated open in 0.2% Triton X-100, 2.5 M
(blue triangles). In the high-speed phase, the presence of VASP phalloidin (Sigma) in CB. After 1 min in the Triton mixture, coverslips
(purple spheres) on the surface detaches filaments where the normal were washed once in CB and fixed in 1% glutaraldehyde, 2.5 M
stress is highest, i.e., at the rear of the bead (green arrows). As a phalloidin in CB for 20-40 min at room temperature, and then at 4C
consequence, filaments are confined to a cylinder and align. The overnight. Samples for electron microscopy were then prepared
decrease in friction produced by filament detachment is associated via the critical point drying procedure as previously described [23]
with enhanced speed. except that tannic acid fixation was omitted. Including tannic acid
or performing glutaraldehyde fixation for 30 min instead of overnight
did not affect the results. Platinum replica were observed on a
Philips CM 120 electron microscope at 80 kV.and hollow-cylinder formation associated with enhanced
speeds of Listeria [20]. Our system permits the study of
Supplemental Datathe transition between the homogenous and hollowed-
Supplemental Data including four additional figures (showing aout comet morphologies. Significantly, we found that
schematic diagram of the protein constructs used, the absorptionthe switch was abrupt and could be produced by a
of PRO and VCA to bead surfaces, immunolabeling of beads and
simple increase in the amount of VASP at the bead comets for VASP, and quantification of actin and Apr2/3 densities
surface independent of actin crosslinker proteins like in comets), Supplemental Experimental Procedures, and a table
(comparing PRO and ActA-C effects) are available at http://www.fascin. Also, we provided direct evidence that a highly
urrent-biology.com/cgi/content/full/14/19/1766/DC1/.branched network was not necessarily associated with
optimized movement, and this might explain why lamelli-
Acknowledgmentspodia extend more slowly than filopodia.
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